The expected event rates forZ 1 dark matter for a variety of dark matter detectors are studied over the full parameter space with tan β ≤ 20 for supergravity grand unified models. Radiative breaking constraints are im- is about 5-10 more sensitive than those based on incoherrent spin dependent scattering (e.g. CaF). In general, the dark matter detectors are most sensistive to the large tan β and small m o and mg sector of the parameter space.
INTRODUCTION
There is much astronomical evidence that more than 90% of our Galaxy, and perhaps of the universe is made up of dark matter of unknown type. In galaxies, this matter has been detected by its gravitational effects on the motion of stars and gas clouds. A large number of candidates for dark matter have been suggested both from astronomy and particle physics. In this paper we will limit our discussion to supersymmetry models with R parity, as they offer a natural candidate for dark matter, the lightest supersymmetric particle (LSP) which is absolutely stable. Thus the relic LSP left over from the big bang could be the dark matter present today. Further, in supergravity GUT models, for almost all the parameter space of most models, the LSP is the lightest neutralino, theZ 1 . (The alternate possibility, that the sneutrino is lightest occurs only rarely.) Thus we will consider here only thẽ Z 1 dark matter candidate, and do so within the framework of supergravity grand unification with radiative breaking.
In this paper we discuss the expected event rates for a number of dark matter detectors using the following nuclei: 3 A great deal of work has already been done on the question of dark matter detector rates [1] [2] [3] [4] [5] [6] [7] . We present here an analysis over the entire SUSY parameter space with tan β ≤20 which takes into account several important effects not generally treated before:
• Radiative breaking. Almost all previous analysis has been done within the framework of the MSSM which does not include the constraints of radiative breaking of SU (2) • As pointed out in Refs. [6, 7] the heavy neutral Higgs, H, can make an important contribution to the event rates. We have included this for the entire parameter space and find that the H contribution relative to the light Higgs, h, can range from 1/10 to 10 times as large.
• As is well known, loop corrections to m h are important due to the fact that the t quark is heavy [8] . We have also included the loop correction toα (the rotation angle arising in diagonalizing the h-H mass matrix).
These actually cancel much of the effects of the loop corrections to m h .
• The COBE constraints on theZ 1 relic density are included. This strongly limits the region of SUSY parameter space that is allowed. In calculating these relic density constraints it is essential to include the effects of the h and Z s-channel poles [9] [10] [11] for gluinos with mass mg < ∼ 450 GeV.
There are several effects we have not included here. Most noteworthy are that we have ommitted the possible WW, ZZ, Zh, hh final states in thẽ Z 1 annihilation for the relic density calculation (which can occur when mZ 1 gets to the upper end of its allowed spectrum i.e. mZ 1 > ∼ M W and we have followed Refs. [12, 13] in calculating the relic density. We estimate that this may lead to a (25-30)% error in the relic density, and since we have been reasonably generous in the allowed values for the relic density, we expect this will not significantly change our final conclusions. We also discuss below the sensitivity of the results to changes in the allowed region ofZ 1 relic density.
II. RELIC DENSITY CONSTRAINT
The COBE data suggests that dark matter is a mix of cold dark matter, CDM, (which we are assuming here to be the relicZ 1 ) and hot dark matter, HDM (possibly massive neutrinos) in the ratio of 2:1. In addition there may also be baryonic dark matter, B, (possibly brown dwarfs) of amount < ∼ 10% of the total. Defining Further, one finds throughout most of the parameter space the following (approximate) relations [16] :
h and tan β > 1. (Here,W 1,2 are the two charginos andZ 1,2,3,4 are the four neutralinos). These relations will be important in understanding the results below.
The calculation of ΩZ 1 h 2 now proceeds in a standard manner. Using the RGE, we first express all SUSY masses and couplings in terms of the four basic parameters. This is done for the parameter space over the range
with a mesh ∆m o = 100 GeV, ∆mg = 25 GeV,∆(A t /m o ) = 0.5, and ∆(tanβ) = 2 or 4. We assume a top quark mass of m t = 167 GeV, and LEP and CDF bounds are imposed on the SUSY spectrum. The A t range stated above exhauts the parameter space. Note that our analysis does not assume any specific grand unification group but only that it is α 1 ≡ (5/3)α Y that unifies at M G . in the early universe, theZ 1 is in equilibrium with quarks, leptons, etc. When the annihilation rate falls below the expansion rate, "freezeout" occurs at temperature T f . TheZ 1 then continues to annihilate via s-channel h and Z poles (Z 1 +Z 1 → h, Z → qq; ℓl; etc.) and t and u-channel squark and slepton poles. The relic density at present time is given by [13] :
where N f is the effective number of degrees of freedom, (TZ 1 /T γ ) 3 is the reheating factor and
Here σ is the annihilation cross section, v is the relative velocity and <> means thermal average. Since annihilation occurs non-relativistically,
x f ≈ 1/20, one may take the thermal average over a Boltzman distribution.
However, as stressed in Refs. [9, 10, 11] one cannot generally make the nonrelativisitic expansion σv = a + bv 2 + ... due to the presence of the narrow h and Z s-channel poles. Thus calling Ω approx the evaluation using the low v expansion, and Ω the rigorous result, we find for µ > 0 that the relation 0.75
≤ Ω approx /Ω ≤ 1.25 is satisfied for only 35 % of the mesh points for mg <
GeV but one is usually somewhat near either an h or Z pole when mg < ∼ 450
GeV. Thus a rigorous calculation is necessary for lower mass gluinos.
The annihilation cross section σ can be expressed in terms of the four basic parameters m o , mg, A t and tan β. Using then Eq. (4) the region in parameter space obeying the COBE constraint of Eq. (1) can be determined.
III. EVENT RATE CALCULATION
Dark matter detectors see the incidentZ 1 from effects of its scattering on quarks in the nuclei of the detector. This scattering proceeds through s-channel squark poles (Z 1 + q →q →Z 1 + q) and t-channel h, H and Z poles. These are some of the crossed diagrams to the annihilation diagrams appearing in the relic density analysis. Thus to a rough approximation, one may expect the event rate to be large when the annihilation cross section is large i.e. when ΩZ 1 h 2 is small. This makes results somewhat sensitive to where the lower bound on ΩZ 1 h 2 is set, and we will discuss this below.
The scattering diagrams have been analysed by a number of people [1] [2] [3] [4] [5] [6] [7] , and we follow the analysis of Ref. [5] .* One may represent the diagrams by the effective Lagrangian
* We include an extra factor of 4 in the cross section, due to the Majorana nature of theZ 1 , in agreement with Ref. [7] .
where q(x) is the quark field, m q is its mass, and χ 1 (x) is theZ 1 field. A q and B q arise from the Z t-channel pole andq s-channel pole, and C q from the h, H t-channel poles andq s-channel pole. Expressions are given for A,B,C in Ref. [5] . The first term of Eq. (6) give rise to spin dependent incoherrent scattering while the second term gives rise to coherrent scattering. There are several points to be made concerning the latter amplitude. In general, theZ 1 is a linear combination of two gauginos and two Higgsinos:
The α, β, γ, δ can all be calculated in terms of the four basic parameters, and throughout the allowed part of the parameter space one finds
The coefficient C q for the h and H poles is [17] :
where F h = (α − βtanθ W )(γcosα + δsinα) and F H = (α − βtanθ W )(γsinα − δcosα). The tree value ofα (the rotation angle that diagonalizes the h-H mass matrix) can be expressed in terms of the tree value of m h [3] . Since loop corrections are large for the h particle, we have also included the loop corrections toα [8] [For u-quarks, the H term is generally small.]
The total event rate is given by [5] 
where the coherrent and incoherrent rates are
Here M N is the nuclear mass, ζ(r ch ), ζ(r sp ) are charge and spin form factor corrections, J is the nuclear spin and λ is defined by < N | Σ Then the maximum value of mg is reduced to * (mg) M ax ≃ 400 GeV. This then increases the minimum event rate curves of Fig. 4 by about a factor of 10.
V. DETECTION POSSIBILITIES
The above discussion has analysed the expected event rates for a variety of dark matter detectors over the range of parameters of supergravity GUT models. These detectors are most sensistive to the region of parameter space where tan β is large and m o and mg are small. Two types of detectors were noted: those with nuclei most sensitive to the spin dependent incoherrent scattering of theZ 1 (e.g. CaF 2 ), and those most sensitive to coherrent scattering (e.g. Pb). In general, the best of the coherrent scatters are more sensitive than the incoherrent scatterers by a factor of 5-10. The coherrent * Such a low mass gluino could make it accessible to detection at the Tevatron.
scatterer event rates scale approximately with their atomic number.
Dark matter detectors currently being built plan to obtain a sensitivity to signals with R > ∼ 0.1 events/kg da. Future detectors may be able to obtain a sensitivity of R > ∼ 0.01 events/kg da. From Fig. 4 one sees that the present detectors will be able to study a small fraction of the total event rate, particularly the large tan β region. A more sizeable portion could become available to the next generation of detectors. However, it would appear that there will be regions of parameter space inaccessible to these types of dark matter detectors. In spite of this, the experimental study of even only a small part of the parameter space is of real importance, as such results, combined with other experiments (e.g. the b → s + γ decay), can together significantly limit the allowed parameter space of supergravity grand unification models. Thus recently it has been demonstrated that the experimental limits on b → s + γ from CLEO do indeed affect relic density analyses [18] . An analysis of the event rates with the inclusion of the CLEO constraint will be given elsewhere [19] . 
